Remarkably, many bacteria live and thrive in the earth's subsurface by respiring extracellular insoluble minerals. Okamato et al.
(1) in PNAS report how this process may be accelerated by the presence of flavins that bind as cofactors to electron transport proteins on the cell surface that are key to extracellular mineral respiration.
Humans obtain the energy needed for life by respiring oxygen. This process involves using electrons extracted from food to reduce oxygen into water in our mitochondria. Free energy is released in this process, and we use this to make ATP, which is the universal energy currency of life. Our dependency on oxygen makes us obligate aerobes-take away the oxygen and we die. Thus, humans are confined to living on the surface of planet Earth where oxygen is freely available. However, the vast proportion of the earth's habitable environments is not exploited by humans, but by a diversity of microorganisms, including bacteria, that can live in the absence of oxygen through a process called anaerobic respiration.
Some of the best studied anaerobic respiratory electron acceptors are water soluble, such as nitrate or sulfate, and these anions can be transported relatively easily into bacterial cells where their respiratory reduction occurs. However, insoluble minerals, particularly minerals of iron and manganese, represent some of the most abundant respiratory substrates in the earth's subsurface environments. In fact "mineral iron respiration" is among the most widespread respiratory processes in anoxic zones and so has wide environmental significance (2) (3) (4) . For example, it directly impacts on the balance of several biogeochemical cycles such as the nitrogen, sulfur, and carbon cycles, and in turn influence the release of potent greenhouse gases, such as nitrous oxide.
In some aspects, the way bacteria respire mineral iron (or manganese) is similar to the way in which our own mitochondria respire oxygen. Electrons generated from organic carbon metabolism are used to "reduce" the respiratory substrate. Thus, electrons generated by metabolism inside the bacterial cell are passed to the mineral iron, which is reduced from the ferric to ferrous state. However, because the ferric iron mineral is an insoluble particle, it cannot freely diffuse into bacterial cells. Consequently, if a bacterium is to be able to use a ferric mineral as a respiratory electron acceptor, it must have a molecular answer to the challenge of moving electrons generated by intracellular metabolism to minerals located outside of the cell (5) .
The mechanism by which electrons are transferred to, and across, the microbemineral interface is not fully resolved and represents a major question in the study of the biochemistry of an environmentally abundant group of bacteria. Answers will provide new insights into bacterial energetics. They are also likely to have important biotechnological impacts because there is potential for harnessing mineral-respiring bacteria in bioremediation processes for the clean-up of environments contaminated with toxic organic or inorganic pollutants. For example, reduction of soluble uranium (VI) to insoluble uranium (IV) can reduce the levels of uranium in the groundwater of contaminated sites.
Mineral-respiring bacteria also have applications in microbial fuel cells and microbial electrosynthesis, both of which rely on electron exchange between microbes and solid extracellular substrates in the form of electrodes (6) . It is such electron exchange, between bacteria and electrodes, that has been studied by Okamato et al.
(1) using a technique called differential pulse voltammetry. Monolayer biofilms of the mineral ironreducing bacterium Shewanella oneidensis were grown on indium tin oxide (ITO) electrodes, and the flow of current due to interfacial electron exchange was measured in the absence and presence of added flavins.
Bacteria from the genus Shewanella respire on extracellular substrates by transporting electrons to the cell surface via porin-cytochrome complexes in the outer membrane (7). These complexes facilitate electron transport by allowing periplasmic cytochromes to transfer electrons to cellsurface cytochromes through a transmembrane porin (Fig. 1) . The best characterized of these porin-cytochrome complexes is the metal reduction (MtrCAB) complex from S. oneidensis, which binds a total of 20 electron-carrying heme cofactors that form an electron transfer conduit of some 20 nm.
The Shewanella family of outer membrane multiheme cytochromes (OMMCs) form four major clades-outer membrane cytochrome A (OmcA), metal reducing cytochrome C (MtrC), undecyl cytochrome A (UndA), and metal reducing cytochrome F (MtrF). Recent work (8, 9) , provided the first structures of OMMCs from Shewanella and revealed that ten hemes were bound as a "staggered cross" on the cell surface (Fig. 1) . Of the Shewanella OMMCs, the S. oneidensis MtrC and OmcA cytochromes that are the subject of the Okamato et al. paper (1) have been the most widely studied. They are exported to the extracellular environment by the type II secretion system (10), and omcA mtrC mutants are severely compromised for respiratory mineral Fe(III) reduction and electron transfer to anodes in microbial fuel cells (11, 12) . The OmcA protein may form a 2:1 complex with MtrCAB, resulting in a system with 40 hemes that is referred to as the "OmcA-MtrCAB" complex in the paper of Okamoto et al. (1). Protein film voltammetry measurements have shown that S. oneidensis OmcA and MtrC can transfer electrons rapidly and directly to graphite and hematite electrodes (13) (14) (15) (16) . Most recently, the MtrCAB complex was reconstituted in proteoliposomes and shown to move electrons rapidly from an intravesicular electron pool to extravesicular nanoparticle suspensions of goethite, hematite, and lepidocrocite (17) .
By studying the electron transfer properties of biofilms prepared from wild-type and mutant strains of S. oneidensis, deficient in MtrC or OmcA, Okamato et al. (1) show that flavin molecules secreted by S. oneidensis MR-1 enhance the ability of its OMMCs to transport electrons to ITO electrodes. The reduction potential of flavin added to the biofilm was raised by around 120 mV compared with that of flavin free in solution. Okamato et al.
(1) conclude that the flavin is serving as an integral redox cofactor of the bacterium, rather than as part of a freely diffusible flavin pool. They argue that this observation is due to interactions between flavins and OMMCs that stabilize the one-electron reduced semiquinone (SQ) form at the expense of the two-electron reduced hydroquinone form. Thus, whereas free flavin undergoes a reversible two-electron reduction at −260 mV, the flavin bound to OMMCs is proposed to cycle reversibly between the oxidized and SQ states in a one-electron process at −140 mV. The SQ was detected directly using electron paramagnetic resonance. Its presence was dependent on the organic substrate lactate, which is the electron source for reduction of the extracellular electron acceptor (the ITO electrode in this case). These results suggest that the flavin-OMMC interaction allows the rate of extracellular electron transport to be coupled to the levels of intracellular catabolic activity.
Extracellular redox-active flavin in the forms of flavin mononucleotide (FMN) or riboflavin (RF) has been hypothesized to play a major role in the delivery of electrons from cells to extracellular insoluble respiratory substrates. By diffusing between the OMMCs and the solid substrate, the flavins can shuttle two electrons from the microbe to the solid (11, 18) . Flavin reductase activity has been observed for the purified OMMCs (8, 19) , and mutants deficient in extracellular FMN
The study of Okamoto et al. brings into focus many questions regarding the role of flavins in the respiratory reduction of solid substrates.
or RF production have a severely compromised ability to reduce solid extracellular substrates (20) . Okamato et al. (1) argue that the positive shift in flavin reduction potential of ∼120 mV on binding to OMMCs in the biofilm overcomes an otherwise strongly endergonic electron transfer from OMMC to flavin. The result is electron transfer from OMMC to the bound flavin cofactor that is 10 3 -to 10 5 -fold faster than to free flavin. Recent studies on MtrCAB-containing proteoliposomes showed that the MtrCAB porin-cytochrome complex represents the minimal requirement for rapid electron transfer to the microbe-mineral interface (17) . However, this work does not exclude a role for flavins in enhancing the rates of electron transfer under certain conditions. Indeed, it is compelling that the OMMCs have some structural features that suggest the possibility of flavin-binding domains that are within electron transfer distance of heme termini in the proteins (8, 9, 21 (22) in altering the environment for both OMMC and flavin? The emerging molecular structures for OMMCs should allow for detailed studies of the interaction between flavins and OMMCs using purified proteins and reconstituted proteoliposome systems that will shed light on these questions.
